During infection of cells by retroviruses, some of the nonintegrated viral DNA can be found as a circular form containing two tandem, directly repeated long terminal repeats. The nucleotide sequence at the point where the long terminal repeats join (the circle junction) can be used to deduce the terminal nucleotides of the linear form of the viral DNA. Comparison of the termini of linear viral DNA with sequences at the junctions between the integrated provirus and the host chromosome has revealed that for most retroviruses 2 bp are removed from each end of the linear viral DNA during integration. For human immunodeficiency virus type 1 (HIV-1), however, sequence considerations involving primer-binding sites had suggested that only 1 bp is removed during integration. We obtained the nucleotide sequences at the ends of HIV-1 DNA by using the polymerase chain reaction to amplify fragments corresponding to the HIV-1 circle junction. Of 17 clones containing amplified sequences, 10 had identical circle junctions that contained an additional 4 bp (GTAC) relative to the integrated provirus. This indicates that, as for other retroviruses, 2 bp are removed from each end of the linear HIV-1 viral DNA during integration. The remaining seven isolates contained insertions or deletions at the circle junction.
Cells infected with retroviruses contain integrated viral DNA and both linear and circular forms of nonintegrated DNA. The linear form is thought to be the substrate for integration (2, 8, 21) . One of the circular species contains two tandemly repeated long terminal repeats (LTRs); in these molecules, the junction between the LTRs, the circle junction, corresponds to the ligated ends of linear viral DNA. Thus, the nucleotide sequence across the circle junction can be used to determine the sequences at the ends of the linear viral DNA. For a variety of murine and avian retroviruses, the linear DNA contains 2 bp at each end which are not present at the junctions between the integrated proviral DNA and the host chromosome (4, 11, 25, 26, 31) . Removal of these 4 bp arises from a two-step reaction involving the viral integrase, the product of the 3' domain of the pol gene (5, 17, 18, 24) . In the first step, integrase removes two nucleotides from the 3' ends of linear viral DNA. In the second step, the target DNA is cleaved and its 5' ends are ligated to the recessed 3' ends of the viral DNA (7, 8) . The 2-nucleotide (nt) protrusions at the 5' ends of the viral DNA are presumably removed before ligation with the 3' ends of the host DNA.
The positioning of RNA primers used by reverse transcriptase causes linear viral DNA to extend slightly beyond U5 at one end and U3 at the other (Fig. 1) . For initiation of minus-strand DNA synthesis, priming involves hybridization of the 3' end of a tRNA to about 18 nt within the unique portion of the genome just outside U5. For plus-strand DNA synthesis, priming involves hybridization of a short oligoribonucleotide to a nucleotide sequence in the unique region of the genome just outside U3 (10, 32) . With avian and murine retroviruses, the primer-binding sites for both minusand plus-strand DNA synthesis end 2 nt away from U5 and U3, respectively. Thus, the 2 bp removed from each end during integration are protrusions beyond the ends of the LTRs that are generated by the position of the primer. For human immunodeficiency virus type 1 (HIV-1), however, only 1 nt separates the tRNA primer-binding site and U5 (30) (the plus-strand primer ends 2 nt from U3 [10] ). Consequently, it has been suggested that HIV-1 integration involves asymmetric removal of 2 bp from U3 and 1 from U5 (28, 32) . Below we show that this is not the case: 2 bp are removed from each end of viral DNA during integration of HIV-1.
We used the polymerase chain reaction (PCR) to amplify a fragment of approximately 250 bp corresponding to the circle junction sequence of DNA extracted from H9 cells infected with HIV-1 (Fig. 2) . Separate experiments were carried out with two strains of HIV-1. One was a viral stock of HIVNL43 obtained by previous transfection with molecular clone pNL4-3, obtained from M. Martin (1) (B) Initiation of plus-strand DNA synthesis. An oligoribonucleotide primer 19 nts long, generated from the genomic RNA by RNase H, hybridizes 2 nt upstream from U3 for initiation of plus-strand synthesis (10) , which continues until the first modified base of the tRNA is encountered (plus short-stop DNA). The tRNA is removed by RNase H. Use of an incorrect primer, hybridizing to sequences within U3, will generate U3 deletions; positioning of the primer further into the unique portion of the viral genome would generate insertions at the circle junction containing portions of the unique region. Translocation of the plus short-stop DNA to the 3' end of the minus strand allows extension of the minus strand through U3 and extension of the plus strong-stop DNA through the full length of the genome. Failure of RNase H to remove the tRNA primer or failure of the strong-stop DNA to translocate could result in copying of tRNA sequences into the plus strand at the 3' end of the viral DNA; subsequent removal of the ribonucleotides, ligation of the plus strand, and filling in of the minus strand would generate a circle junction containing an insertion of tRNA sequences.
Removal of these 4 bp unambiguously generated the sequences of the LTRs found in integrated proviral DNA. Thus, integration of HIV-1, as for other retroviruses, involves removal of 2 bp from each end of the linear viral DNA. This conclusion has also been reached in two other studies reported recently (14, 34) .
A dilemma arises from the observation that for HIV-1, the primer-binding site for minus-strand synthesis is only 1 nt from the 3' end of U5 (Fig. 1A) . The two most likely mechanisms for generating the observed circle junction sequences are (i) removal of the 3' adenosine from the primer tRNA before reverse transcription and (ii) failure of RNase H to remove the terminal riboadenine nucleotide of the primer from the completed DNA. Although there are precedents for the use of truncated tRNA primers (6, 13, 22) or incorrectly processed tRNAs (16), Whitcomb et al. (34) have argued that the tRNA primer used for HIV-1 replication is intact and that the 5'-terminal A of the minus strand of 10 20 TGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT ACTGGAAGGGCTAATTCACTCCCAAcGAAG 
Nucleotide sequences of cloned circle junctions. Circle junctions amplified by PCR were cloned, and the nucleotide sequences were determined (see the text). Each line represents a unique sequence; clones containing that sequence are indicated at the left. In the first line of the lower set of sequences, the 10 clones with identical sequences are A3, A8, A5, A20, A34, A46, N25, N60, N72, and N81. U3 is numbered starting from nt 1, since it is derived from the 5' LTR; U5 is numbered from nt 9636, since it is derived from the 3' LTR. The additional 4 bp at the circle junction are not included in the numbering scheme. Only part of the U5 portion of the amplified fragment is shown; the entire fragment was sequenced in each case; and no deviations from the published sequence were found in the region of U5 not shown. sponded to 17 bp of the tRNA primer-binding site (nts 637 to 653), less one internal nucleotide. Such clones have been postulated to arise from the failure of RNase H to remove the entire tRNA primer from minus-strand DNA, which results in copying of the tRNA sequence into the 3' end of the plus-strand DNA (3, 29) . An alternative explanation for the origin of clone A34 is failure of the plus strong-stop DNA to translocate to the 3' end of the minus strand (Fig. 1) . Clone A34 also contained a second insertion: an adenine at nt 9662 in U5 was replaced by a 12-bp imperfect tandem duplication of the adjacent sequence (nts 9652 to 9662). An identical duplication was found at the same location in two additional clones, A46 and A47, both of which contained wild-type circle junction sequences. Thus, this duplication probably represents a variant present in the infecting virus population.
Nearly one-third of our clones contained deletions that either spanned the circle junction or terminated precisely at the U3-U5 boundary. Clone N63 had a 109-bp deletion starting at the junction and extending only into U3. Three other clones contained deletions at 12 (N60), 55 (A21), and 73 (A19) bp that spanned the circle junction. Similar deletions have been found at high frequencies in unintegrated murine or avian retroviral DNAs (11, 12, 16, 26, 27) . In these systems, a bias toward deletion of U3 is evident; our sample size was too small to support an equivalent conclusion. Deletions spanning the circle junction or having one endpoint at the circle junction are most easily explained as arising from incorrect priming or from exonucleolytic digestion of one or both ends of the viral DNA before ligation. Both explanations are consistent with the absence of deletions outside the junction sequences, although mispriming might more easily explain any bias in deletion frequency of U3 over U5, since the mechanisms of priming of U3 and U5 differ.
None of our deletions lacked only the GT nucleotides of U5. Such deletions, suggested to arise via the activity of the viral integrase, represented half of the clones found by Kulkosky et al. (14) . However, deletions extending more than 2 bp into U3 and U5, as described above, were obtained at a much higher frequency here than in two other studies. In those studies, the relative recovery of full-length clones was increased by gel purification of the amplified DNA before cloning (34) or by screening of clones for full-length inserts before sequencing (14) . Thus, our results probably reflect the situation in vivo more accurately, since there was no preselection based on insert size.
To determine whether PCR provided a representative sample of the population of circle junction sequences The clones we examined exhibited a small amount of sequence variation in regions distant from the circle junction. None of our clones had a sequence identical to that of HIVNL43; they differed by up to 3 nt (lowercase letters in Fig. 3 ). For the seven clones obtained after infection with molecular clone HIVNL43, the error rate was 0.4% (seven point mutations in 1,638 nts sequenced). This is considerably higher than the misincorporation rate we have experienced with PCR in other systems (approximately one error per 3,000 nts sequenced; 1Sa) and is within the range of reported misincorporation rates for HIV-1 reverse transcriptase (20) . Thus, these differences are likely to reflect real variation occurring during virus replication.
There are seven positions within the amplified fragment at which the ARV2 and HIVNL43 sequences differ. All 17 clones contained the HIVNL43 sequence, even though 10 were obtained after infection with ARV2. It is likely that the ARV2 nucleotide sequence, which was obtained from a molecular clone, represents only a small fraction of the sequences present in the uncloned ARV2 virus stock. The major variant present in this stock is a virus more closely related to HIVNL43 in this region.
It is now clear that 2 bp are removed from each end of HIV-1 during integration. It is also evident that a large proportion of the circular DNA molecules in infected cells carry mutations at the circle junction. It may be that circular viral DNA is derived preferentially from defective linear molecules. If not, our observations could indicate that a large proportion of the linear, integrative form of HIV-1 viral DNA normally has incorrect termini, making it unable to integrate. A better understanding of mutant formation may lead to ways to increase this fraction, thereby blocking productive infection.
